Abstract: Due to the presence of the carbonyl and imide groups in the structure of 5,5-diphenylhydantoin (DPH), the possibility for this compound to be involved in hydrogen bonding intermolecular interactions is obvious. Even though such interactions are presumably responsible for the mechanism of action of this drug, however, to the best of our knowledge, the self-hydrogen bonding interactions between the DPH monomers have not been addressed till now. Furthermore, studies reporting on the spectroscopic characteristics of this molecule are scarcely reported in the literature.
INTRODUCTION
HENYTOIN (DPH), with the IUPAC name 5,5-diphenylimidazolidine-2,4-dione (see Figure 1 ) and its general chemical formula C15H12N2O2, is the oldest non-sedative antiepileptic drug [1] indicated for the treatment of epilepsy, [2] decreasing excitatory neurotransmission and enhancing γ-aminobutyric acid -mediated inhibition. However, despite being extensively used as an active pharmaceutical ingredient for antiepileptic drugs its "biological face" [3] still remains incompletely elucidated.
From a structural point of view, DPH crystallizes in the orthorhombic space group Pn21a (a = 6.230, b = 13.581, c = 15.532 Å, Z = 4) [1] . Even though the existence of a second polymorph was presumed, [2] recent studies indicated however, that phenytoin crystals obtained from different solvents and in different crystallization conditions do not contain other polymorphs. [4, 5] On the other hand, a surfaceinduced polymorph with enhanced dissolution and orthorhombic system (cell dimensions a = 6.10, b = 12.20, c = 13.95 Å) was obtained. [6] Phenytoin also forms binary crystal compounds with copper complexes, [7] polyethylene glycol, [8] pyridone and pyridyl. [9, 10] Being highly lipophilic it can be solubilized in alkali and many organic solvents, but, as the free acid, it is poorly soluble in water. [11] Phenytoin acts on sodium channels on the neuronal cell membrane, dampening the unwanted brain activity seen in seizure, by reducing electrical conductance among brain cells. Like for all the anticonvulsant drugs, the distance between the centre of the phenyl ring and carbonyl oxygen is considered important, because both groups are thought to bind to the receptor site on the sodium channel. [12] The modification of hydrogen bonding groups can decrease or even stop the anticonvulsant activity. [13, 14] The role of the hydrogen bonding groups is different, the amine N3-H31 and carbonyl C4=O7 groups seems to be responsible for its anticonvulsant activity, whereas the amine N1-H30 and carbonyl C2=O6 groups have mutagenic activity. [15] Previously, UV-Vis measurements were used for determining the phenytoin quantity alone [16, 17] or in the presence of other drugs. [18, 19] Moreover, such data give information about the solubility in different solvents. [20, 21] Also, NMR measurements were used to study DPH in solution [22] [23] [24] and its binding to model peptide corresponding to a segment of sodium channel. [25] All these findings prompted us to study the dimerization process of DPH through hydrogen bonding interactions. Thus, a thorough conformational analysis of the dimeric species following the Boltzmann's distribution law is presented in this work. Moreover, combining the experimental UV-Vis and NMR techniques with quantum chemical calculations we addressed the effect of such hydrogen bonding interactions on the electronic transitions as well as on the NMR chemical shifts of DPH.
Experimental Details
DPH of 99 % purity was purchased from a standard commercial source (Alfa Aesar) and used without further purification.
Optical absorbance spectra of DPH in ethanol were recorded at room temperature using a Jasco V-670 UV-Vis-NIR spectrophotometer with a slit width of 2 nm.
The 1 H and 13 C NMR spectra were recorded at room temperature on a Bruker AVANCE NMR spectrometer (400.13 MHz for 1 H and 100.63 MHz for 13 C, internal standard TMS). The samples were prepared by the dissolution of DPH in DMSO (signal for 1 H at 2.51 ppm and at 39.45 ppm and for 13 C). The spectra were recorded using a single excitation pulse of 11 s for 1 H and 7.5 s for 13 C.
Computational Details
The optimization of DPH geometry and single point calculations were performed with the Gaussian 09, revision C.01 software package [26] by using DFT approaches. The hybrid B3LYP exchange-correlation functional [27] [28] [29] [30] was used in conjunction with Pople's split-valence 6-31+G(2d,2p) basis set. [31, 32] Default criteria were used to define the convergence of both the electronic density and molecular geometries. Stationary points were characterized by analytical frequency calculations.
Absorption spectra of DPH were calculated using the time-dependent DFT (TD-DFT) methodology, [33] implemented in the Gaussian09 package, which describes the excited states in terms of all possible single excitations from occupied to virtual orbital. These spectra have been calculated on DPH optimized structures at B3LYP /6-31+G(2d,2p) level of theory. The nature of the excited states has been analyzed using the Natural Transition Orbitals (NTO) formalism proposed by Martin. [34] This formalism offers compact description of the electronic excitations with the advantage that only one or two occupied/virtual pairs of orbitals are enough for a clear interpretation of the physical nature of the excited states involved in absorption and emission processes. [35] [36] [37] [38] [39] The calculation of NMR chemical shifts for DPH was performed using the GIAO (Gauge-Including Atomic Orbital) method, [40, 41] implemented in the Gaussian09 package, with the B3LYP exchange-correlation functional, in conjunction with 6-31+G(2d,2p) basis set. In order to express the chemical shifts in terms of the total computed NMR shielding tensors, TMS (tetramethylsilane) shielding tensors were calculated at the same level of theory. The solvent effects have been considered by using the implicit Polarizable Continuum Model (PCM) [42] using the integral equation formalism (IEFPCM) variant. [43] 
RESULTS AND DISCUSSION

Hydrogen Bonds
Two minimum energy structures are possible for the DPH monomer, i.e., the structure shown in Figure 1 (denoted as A conformer) and its mirror image (B conformer). Obviously, these two minima are equivalent from energetic and spectroscopic point of view. However, both of them must be considered when forming the possible dimers of DPH.
For conformer A, the left (C8-C9) ring is almost coplanar with the C4-C5 bond of the hydantoin unit, while the second phenyl ring (C14-C15) is approximately coplanar with the C5-N1 bond. Due to the presence of the two NH groups as hydrogen bond donors and two oxygens as hydrogen bond acceptors, different hydrogen bonded dimers can be formed. We were interested only in these type Figure 1 . B3LYP/6-31+G(2d,2p) optimized molecular structure of the most stable conformer of phenytoin in gasphase and the atom numbering scheme Table 1 Dihedral angles and hydrogen bond lengths characterizing the DPH monomer and dimers in gas-phase, ethanol and DMSO (first, second and third entry, respectively) at B3LYP/6-31+G(2d,2p). The dihedral angles Φ1 and Φ2 correspond to the first monomer and Φ1' and Φ2' correspond to the second monomer in the dimer. Experimental data for the known solid state structure of DPH are included for comparison purposes. of dimers because they are significantly more stable than other types of dimers, formed for instance by dispersion interactions. Moreover, only the double hydrogen bonded dimers were considered because it is expected that the geometry of single hydrogen bonded dimers will converge to a double H bonded structure. A total number of 12 double hydrogen bonded unique dimers can be formed, of which 6 are of AA type and 6 of AB type. The BB and BA type dimers were not considered because they are mirror images of the AA and AB types, respectively. The conformations of the 12 unique dimers are shown in Figure 2 and some of their selected structural parameters are reported in Table 1 (see Table S2 in the Electronic Supplementary Information for Cartesian coordinates of their optimized geometries).
The geometries of the dimers were fully optimized and all of them correspond to minima on the potential energy surface. It is worth mentioning that the geometries of the 2AA, 4AA and 6AA dimers have C2 symmetry, while those of the 2AB, 4AB and 6AB dimers are of Ci symmetry.
We shall first briefly discuss the structural characteristics of the monomer for which geometrical parameters have been reported by Camerman et al. [1] and discussed also by Tamir et al. [22] As seen in Table 1 , for the gas-phase molecule, the calculated angles which define the relative orientation of the two phenyl rings with respect to the hydantoin unit (Φ1 = C4C5C8C9, Φ2 = C4C5C14C19) are in qualitative agreement with the experimental data, as already observed by Tamir et al. [22] Even a quantitative agreement is observed for Φ2, while Φ1 is slightly worse reproduced. These calculated angles do not change appreciably in the two solvents, a very small increase (cca. 4 °) being observed for both angles. Even though the dissolution of the compound is likely to be accompanied by a conformational change of the molecule, however, the present results suggest only a minor modification of the Φ1 angle when going from solid to liquid state.
The angles between the planes defined by the phenyl groups and the hydantoin unit are presented in Table 2 . The best agreement between the experimental and calculated data is again noted for the gas-phase molecule, particularly for the (Ph2,Hyd) dihedral angle. According to quantum chemical calculations, in liquid phase, the angle between the Ph1 and Hyd planes is only slightly changed with respect to gas-phase. On the other hand, the dihedral angle (Ph1,Ph2) decreases in solution, simultaneously with a slight increase of the (Ph2,Hyd) angle.
An improved description for the solid state structure could be achieved by using a cluster of molecules able to describe all the four hydrogen bonds involving at least one monomer and also, by considering the dispersion interactions; such an analysis is, however, beyond the scope of this study.
According to Carter et al., [44] the distance between the centroids of the phenyl rings and the carbonyl oxygen atoms seem to play a dominant role for the binding mechanism of DPH to the receptor in the sodium channel.
As seen in Table 2 , these distances are not much affected by the transition between the gas-phase and liquid phase. With respect to the solid state structure, [1] in ethanol and DMSO, the distances between the O7 atom and the two centroids X1 and X2 increase very slightly. The same trend is observed for the distances from O6 to the two centroids.
Regarding the dimers of DPH, the hydrogen bond length reported in the last column of Table 1 is the distance between the corresponding nitrogen and oxygen atoms. First, as it comes out from Table 1 , there is no qualitative difference between the geometric al parameters that characterize the relative orientation of the phenyl rings to the hydantoin unit for the dimeric structures in gas-phase and ethanol. Moreover, for ethanol and DMSO solutions, the Φ angles and hydrogen bonding distances are almost identical. On the other hand, the hydrogen bond distances for the gas-phase structures are constantly shorter than for corresponding solvated dimers. Table 2 . Calculated angles between planes and distances between the ring centroids and oxygen atoms for DPH monomer in gas-phase, ethanol and DMSO Parameter (a) gas-phase ethanol DMSO X-ray data [1]  Thus, the same geometry is predicted for the same kind of dimers in the two solvents, which is slightly different from that predicted for the gas-phase.
It is reasonable to assume that the strength of the HB interactions will play a major role in the stability of the dimers. This is indeed true for the solvated dimers in which case the dimeric structures with the shortest (averaged) HB distance (2AB dimer) are the most stable, the situation being is mirrored for the gas-phase structures. For the latter ones, the most stable, nearly isoenergetic dimers 2AA and 2AB have an averaged HB distance of 2.837 Å, significantly shorter than the immediately higher in energy dimers 6AB and 5AB.
The intermolecular hydrogen bonding in the most stable dimer 2AA lead to the increase of the N-H and C=O bond lengths by about 0.021 and 0.014 Å, respectively, with respect to the monomer. For example, the N1-H30 bond is lengthened from 1.009 Å to 1.030 Å and C2=O6 bond from 1.210 Å to 1.224 Å. The X-ray study [1] shows that in the crystal lattice, the N1-H30 bond and N3-H31 bond is 0.93 Å and 0.809 Å respectively and C4=O7 bond and C2=O6 bond is 1.222 Å and 1.209 Å respectively. The differences appear because DPH molecule is involved in two hydrogen bonds in all the investigated dimers but in solid state each monomer is connected to four neighbor molecules, making two pairs of equivalent hydrogen bonds of 2.784 and 2.884 Å (see Figure S1 in ESI).
Relative Boltzmann populations are calculated using the formula:
where Ei are the relative energies corrected for zero-point vibrational energies (ΔEZPVE), kB is the Boltzmann constant, T is the temperature (T = 298 K) and gi are the degeneracy degrees for each conformer (gi = 2 for C1 symmetry and gi = 1 for C2 and Ci symmetries). [45] [46] [47] As shown in Table 3 , our calculations predict a dramatic change in the pattern of relative energies of some dimers when going from gas-phase to liquid-phase. However, the two 2AA and 2AB dimers are the most stable both, in gas-phase and liquid phase. On the other hand, due to the symmetry degeneracy, the largest relative Boltzmann populations are predicted for the 5AB and 5AA dimers in gas phase, but the largest contributions to the spectroscopic properties in solution are predicted for the dimers of type 2, 3 and 5, either AA or AB. Particularly, the 2AB and 2AA dimers, which are the most stable in liquid phase contribute together almost 30 % of the total population in solution. In ethanol and DMSO solvents, the dimers 2AB, 2AA, 3AA, 3AB, 5AA and 5AB are within a 0.59 kcal mol -1 , which is less than the room temperature energy. Even though significantly higher in energy, due to the symmetry degeneracy, the dimers 1AA and 1AB have appreciable relative populations higher, than 5 %. In such cases, the calculated spectra must include the responses from all species, weighted by their Boltzmann factors. [45] [46] [47] [48] [49] [50] [51] [52] For this reason we calculated the electronic absorption and NMR spectra of DPH considering the dimers with relative populations greater than 5 %.
UV-Vis Spectrum
The UV-Vis spectra of DPH in ethanol (see Figure 3 ) were recorded at five concentrations, ranging from 10 -5 M to 10 -4 M. A slight red-shift from 204 nm to 211 nm was observed for λmax by increasing the concentration. Table 3 . Relative energies (ZPE corrected) and Boltzmann populations of the twelve DPH dimers in gas-phase (B3LYP/6-31+G(2d,2p) level of theory) and in ethanol and DMSO (PCM-B3LYP/6-31+G(2d,2p) level of theory), at room temperature The excitation energies of the DPH monomer in ethanol were calculated using the TD-DFT approach and they are listed in Table 4 . To better understand the properties of the excited states of DPH we obtained the NTOs based on the calculated dens ity m atrices. It is a common practice to denote the occupied NTOs as "hole transition orbitals" and the unoccupied NTOs as "particle transition orbitals". [35, 37, 38, 53, 54] Figure 4 illustrates the NTOs for the main electronic transitions of DPH monomer in ethanol.
Thus, according to theoretical results, the most intense electronic transitions of the DPH monomer are predicted in UV region, in very good agreement with the experimental data. Quantum chemical calculations give a clear picture of the emergence of electronic transitions. Thus, as observed in Table 4 , the main contribution to S0 → S1 transition is the HOMO-LUMO excitation. From Figure 4 it is seen that the hole is delocalized on the entire molecule, while the particle NTO is much more localized onto the hydantoin unit. Consequently, we assign this transition to the intra-molecular charge transfer between the phenyl rings and hydantoin group.
The next 7 allowed excited states with appreciable oscillator strength are higher in energy but very close to each other, spanning a wavelength interval as low as 14.7 nm. As seen in Figure 4 , excepting the S13 and S14, all the other excitations contain a major part of ππ* transitions with HOTO localized on one of the two phenyl rings and LUTO on the other phenyl. On the other hand, S13 state appears as a result of a dominant excitation which involves a transfer of the electronic density from the hydantoin to one of the phenyl rings, while S14 involves a redistribution of the electronic density between the two phenyls, as well as the hydantoin unit.
The calculated oscillator strengths are proportional to the strengths of the observed electronic transition and consequently to the intensities of experimental absorption bands [53, 55, 56] (see Figure 3) . The inset in the Figure 3 shows the deconvolution of the experimental UV spectrum at 7.5 • 10 -5 M concentration, with peaks at 204 nm, 209 nm, 216 nm and 230 nm.
The first three deconvoluted peaks can be put in correspondence with the first three simulated absorbance bands. Only the last deconvoluted peak at 230 nm is shifted appreciably to lower wavelengths compared to the simulated absorbance band peak located at 247 nm.
Based on present calculations we assume that for concentrations lower than 5 • 10 -5 M the dominant contributions to the absorption spectrum is mos tly due to the monomers, and the experimental peak is given by the absorption band calculated for monomers at 201-208 nm (see Table 4 ). A clear asymmetry of the absorption curves is observed for all concentrations. We find that they hide a shoulder near 230 nm that can be recovered by deconvolution (see the inset in Figure 3 ).
The red-shift of λmax (from 205 nm to 211 nm), observed as a result of increasing the concentration, can be explained by the increase in dimer population, which is assumed to occur when the concentration increases from 5 • 10 -5 to 10 -4 M. For this reason we simulated the absorption spectrum of DPH as the sum of absorbance contributions of the dimers in ethanol, whose populations were greater than 5 %, weighted by their Boltzmann population at room temperature, and using a full width at half maximum of 0.26 eV. For this purpose we considered the 2AB, 2AA, 3AA, 3AB, 5AA, 5AB, 1AA and 1AB dimers, with a total relative population of 92.6 %.
According to the calculated relative free energies given in Table 3 , the DPH dimers 2AB and 2AA are the most stable and most abundant in ethanol. UV spectrum of DPH dimer 2AB has four absorption bands, at 207-212 nm (f = 0.04 -0.099), due to HOMO  LUMO+3, HOMO-1  LUMO+n with n = 2,7 and HOMO-11+n  LUMO+n with n = 0,1; at 216 (f = 0.11), due to HOMO-2  LUMO+2; at 224.5 (f = 0.069), due to HOMO LUMO+3 and HOMO-1  LUMO+2; and at 248 nm (f = 0.134) due to HOMO  LUMO and HOMO-1  LUMO+1. Expectedly, the UV spectra of the other seven dimers (listed in Table S1 ) have similar electronic absorptions with those of 2AB dimer, in the same wavelength regions. Based on monomer and dimer model calculations we consider that the experimental peak at λ = 205 nm in Figure 3 indicates the absorption by 100 % population of monomers; Also, the monomer population is dominant for concentrations lower than 5 • 10 -5 M. Tables 4 and  S1 ). In the inset is illustrated the deconvoluted experimental curve recorded at 7.5 • 10 -5 M. The intermediate UV curve with the peak at λ = 208 nm is the result of absorption of a mixed population of 50 % monomers and 50 % dimers. The experimental peak at λ = 211 nm is due to a 100 % population of dimers.
NMR Analysis
The optimized structure of DPH conformer in gas phase was re-optimized in DMSO by considering the solvent effect using the polarized continuum model (PCM). Calculation of vibrational frequencies has confirmed that the unique structure is a stationary point with no negative eigenvalue observed in the force constant matrix. The theoretical chemical shifts are derived from the total computed NMR shielding tensors by using the TMS (tetramethylsilane) shielding tensors as reference. The experimental and calculated (population averaged) chemical shifts, both for monomer and the twelve investigated dimers of DPH in DMSO, are listed in Table 5 (the mean absolute error (MAE) values are also included). The computed chemical shifts for each of the eight most stable dimers are given in Table 6 (their cumulated Boltzmann population is 92.7 %). The experimental 1 H NMR spectrum of DPH in DMSO shows two peaks (each of integral 1) located at 9.39 and 11.18 ppm which are due to the H31 and H30 protons, respectively (see Figure 1 for atom numbering scheme). The other two peaks at 7.35 ppm (integral: 2) and 7.41 ppm (integral: 8) can easily be assigned to the phenyl protons, as shown in Table 5 .
When the 13 C NMR spectrum of the molecule is considered, it is seen that two downfield peaks due to the most de-shielded carbon nuclei C4 and C2 are located at 174.81 ppm and 156.00 ppm, while the most shielded C5 nucleus gives a peak at 70.22 ppm. In this spectrum, the peak due to equivalent alkenal carbon atoms C8 and C14 (in the phenyl rings) bonded to the carbon atom in hydantoin is located at 139.90 ppm, while for the remaining carbon nuclei Shown are only the HOTO-LUTO pairs which contribute the most to each particular excitation. The NTO coefficients represent the extent to which the excitation can be written as a single configuration [35] . in the phenyl rings, the corresponding three peaks are found between 126.57 and 128.45 ppm. As can be seen in Table 5 , the main differences between experimental values and those calculated for monomer are noted for the C5 nucleus as well as for the H30 and H31 protons. The hydrogenbonding interactions can affect the shielding of H30 and H31 protons. This is indeed the case, and dimer calculations show that these intermolecular interactions modify the charge density of the hydantoin unit, having as a result the significant change of the chemical shift of C2 and H31 nuclei and to a smaller extent for the H30 nucleus. The value of chemical shift for the C5 nucleus in dimer improves only slightly compared to the monomer case. The reason must be that the C5 nucleus is shielded by the phenyl rings more strongly than predicted by the PCM continuum solvation model. As seen in Table 6 , the 5AB and 1AB dimers provide an improved agreement between the experimental and calculated chemical shift for H30 proton, at the expense of a worse agreement for the H31 proton. Nevertheless, the corresponding calculated values for the individual dimers, as well as the weighted average are unacceptably away from the experimental counterparts. This discrepancy can be attributed to the non-inclusion of the specific solute-solvent interactions in the computational model.
CONCLUSIONS
The geometrical structures of the monomer and twelve unique dimers of 5,5-diphenylhydantoin have been investigated by DFT approach at B3LYP/6-31+G(2d,2p) level of theory. Calculated relative ZPE-corrected energies for the DPH dimers show that the same two dimers (2AA and 2AB) are most stable in gas-phase and in solution, as well, but an important change in relative stabilities is noted for the remaining set of 10 dimers. Almost identical geometries are predicted for the same kind of dimers in liquid phase, Table 6 ). which, compared to the gas-phase structures show slightly longer hydrogen-bond distances. For the DPH monomer, the dihedral corresponding to the relative orientation of the two phenyl rings in solution decreases appreciable with respect to the solid state structure, concomitant with a similar increase in the dihedrals between the phenyls and hydantoin units. On the other hand, an almost quantitative agreement is observed between the calculated distances between the phenyl centroids and the two oxygens of the molecule in liquid phase and solid state. The experimental UV-Vis and NMR spectra of DPH have been explained on the basis of the contributions due to monomers as well as Boltzmann weighted contributions of the dimers. DPH dissolved in ethanol show UV-Vis peaks between 204-205 nm, when the concentration increases from 10 -5 M to 5 • 10 -5 M. The electronic transitions of DPH have been assigned on the basis of natural transition orbitals. All the allowed electronic excitations are dominantly driven by charge-transfer type transitions between the subunits of the molecule.
The 1 H and 13 C NMR chemical shifts of DPH in DMSO were explained by considering the Boltzmann population averaged DFT calculated data for the six dimers. The only observed discrepancy between the experimental and computed data are noted for the H30 proton but this deficiency can be explained by the lack of describing the specific solute -solvent interactions.
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